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Topmetal: started since 2012

Personnel:
Yuan Mei
NSD weak interactions 
Postdoc (2011-2015) Staff (2016-)
+ UCB undergrad students
+ Visiting students/faculties

• 80X80µm pixel size

• Direct charge collection

• Standard 0.35µm CMOS process, no post-
processing

• First version (2012), high noise & high bandwidth

• Second version (2014), <15e- noise on each pixel.  
In-chip signal processing, good for large scale array

• Third version (2016), specialized design for 0νββ 
LDRD support since 2015 

Alpha ionization tracks
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Motivation: (1) silicon pixel devices

• CCD → Active pixel  
         → Monolithic Active Pixel Sensor (MAPS)

• Charge generated in silicon

• Mature CMOS processes are becoming affordable

• Designing Integrated Circuit (IC) is becoming 
similar to designing Printed Circuit Board (PCB) STAR Heavy Flavor Tracker 3



Motivation: (2) charge readout in TPC
Goal: detect small charge tracks
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Performance of the TPC with Micro Pixel Chamber
Readout: micro-TPC

Kentaro Miuchi, Hidetoshi Kubo, Tsutomu Nagayoshi, Atsuhiko Ochi, Reiko Orito, Atsushi Takada, Toru Tanimori,
Masaru Ueno

Abstract—Micro-TPC, a time projection chamber (TPC) with
micro pixel chamber (µ-PIC) readout was developed for the
detection of the three-dimensional fine (∼ sub-millimeter) tracks
of charged particles. We developed a two-dimensional position
sensitive gaseous detector, or the µ-PIC, with the detection area
of 10 × 10 cm2 and 65536 anode electrodes of 400 µm pitch.
We achieved the gas gain of more than 10

4 without any other
multipliers. With the pipe-line readout system specially developed
for the µ-PIC, we detected X-rays at the maximum rate of
7.7 MHz. We developed a micro-TPC with the µ-PIC and three-
dimensional tracks of electrons were detected with the micro-
TPC. We also developed a prototype of the MeV gamma-ray
imaging detector which is a hybrid of the micro-TPC and NaI
(Tl) scintillator so that we showed that this is a promising method
for the MeV gamma-ray imaging.

Index Terms—Gaseous detector; Time projection chamber;
Micro-pattern detector; Gamma-Ray Imaging

I. INTRODUCTION

REALIZATION of a micro-TPC, a time projection chamber
(TPC), which can detect three-dimensional fine tracks of

charged particles, has been wanted for years. We developed
the µ-PIC, a two-dimensional fine position detector, and a fast
readout electronics in order to realize such an “electric cloud
chamber”. In this paper, the performance of the micro-TPC,
together with one example of its applications, is described.

II. µ-PIC DETECTOR
The Micro Pixel Chamber, or the µ-PIC, is a pixel type

gaseous two-dimensional imaging detector which takes over
the outstanding properties of the MicroStrip Gas Chamber
(MSGC [1], [2]) such as the good position resolution and
operating capacities under high flux irradiation. The µ-PIC is
manufactured by the print circuit board (PCB) technology in
contrast to an older concept pixel type detector, the microdot
chamber [3], which is made in the MOS technology. With the
PCB technology, large area detectors can be made cheaply,
which is an important feature for developing various kinds of
applications. As a consequence of the geometrical properties,
discharge problems are less disturbing with µ-PIC [4], [5], [6],
so that stable operations at high gas gain can be realized.
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Fig. 1
SCHEMATIC STRUCTURE OF THE µ-PIC.

The schematic structure of the µ-PIC is shown in Fig. 1. The
µ-PIC is a double-sided PCB with a 100 µm-thick polyimide
substrate. 256 anode strips are formed on one side of the µ-PIC
while 256 cathode strips are orthogonally placed on the other
side. Both anode and cathode strips are placed with a pitch of
400 µm. Cathode strips have holes of 200 µm diameter and
anode electrodes of 50∼70 µm diameter are formed on the
anode strips at the center of each cathode hole. The signals
from anode strips and cathode strips are of the same size, in
contrast to the MSGCs, whose pulse heights from back strips
are 20∼30% of those from anode strips [2]. We developed the
µ-PIC of 10 × 10 cm2 detection area with 256 × 256 anode
electrodes. The µ-PIC is mounted on the mother board of 30
× 30 cm2 area by the bonding technique.

We irradiated a non-collimated 55Fe radioactive source and
measured the output charge from 32 × 256 pixels so that we
calculated the gas gain. The gas mixture of argon 80% and
ethane 20% at 1 atm was flowed for the measurement. The
gas gain of the µ-PIC is plotted as a function of the anode
voltage in Fig. 2. We achieved a maximum gas gain of 1.5
×104 and the gas gain for the stable operation of 5000 without
any other multipliers. In Fig. 3, the spectrum of the X-rays from
the 55Fe radioactive source is shown. The energy resolution is
30% (FWHM) for the 5.9 keV X-rays. This result is worse than

• µ-PIC (Micro Pixel Chamber)

• Printed Circuit Board technology

• 400µm pitch

• Some electron gain in gas

• Difficult for readout and scale-up

• D3

• GEM for charge 
multiplication

• ATLAS FE-I3 (FE-I4) chip 
for readout

• 50X400µm (50X250) pixel 
size

Directional Dark Matter Detection with Gas TPCs

Time Projection Chamber as WIMP detector filled with gas

S.E. Vahsen et al.
http://arxiv.org/abs/1110.3401

WIMP would not detected directly

but through their scattering product with

the gas-nucleus by elastic scattering: �+A

rest

! �0+A

recoil

nuclear recoil ionizes gas along track

electric field moves charges

amplification (by 2 or 3 Gas Electron Multipliers - GEMs)

readout (FE-I3 or FE-I4 ATLAS pixel chips)
I 2D charge distribution
I + timing information
I + known drift velocity => 3D hit information

=> we reconstruct the nuclear recoil

low target mass, normally need very large gas volume

but low track reconstruction threshold changes situation for
low-mass WIMPs with only 1-10 m3 volume

several groups attempting directional detection with gas
TPC. Advantages of our approach are:

I 3D tracking => better DM identification & alpha BG rejection
I single electron e�ciency => expect very low track-recons. threshold
I basically free of noise

Igal Jaegle (UH) D3 9th PATRAS 4 / 17
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cathode
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PMT
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dt

• Liquid Xenon TPC

• Time Projection Chamber

• Wire and/or light readout

• mm~cm spatial resolution

XENON100, LUX, LZ, etc.



Topmetal CMOS charge sensor

Topmetal
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Topmetal-I Topmetal-II-

• Produced in 2012, validated in 2013

• Direct voltage readout

• High analog bandwidth

• Produced in 2014, validated in 2015

• Charge sensitive amplifier, <15e- noise

• Clock-less, frame-less logic hits readout
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Topmetal-I (2012)
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Single alpha events from 241Am in air

Topmetal

241
Am
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Topmetal-II- (2014)
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Topmetal-II- seeing alpha tracks in air

NIMA 810, 144, 2016
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Charge Distribution Reconstruction without Gas Gain
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• Topmetal CMOS sensor: 80X80µm pixel size

• Direct charge collection

• Standard 0.35µm CMOS process, no post-processing
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10Time Projection Chamber (TPC)



Digital readout of Topmetal-II-
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Applications



Proton Beam Positioning

-HV
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Pinhole

Vacuum Window

13.5MeV proton beam from the 88-inch Cyclotron, 20E6 p/s/mm2
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Proton Beam Positioning
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•Proton Therapy
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Electron-track Compton Imaging

Simulations from SMILE, ETCC, arXiv:1312.0438 16

•Medical Imaging

•Gamma (X-ray) Astronomy



Fast photon detector & optical TPC
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Topmetal CMOS charge sensor array for TPC 
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•Eliminate charge amplification

•Direct charge collection in X-Y

•Z is determined by the +/- charge 
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Physics Motivation: Neutrinoless Double-Beta Decay

! 

! 

! 

! 
0"!! 2"!! 

Odd-Odd 
nuclei

Even-Even 
nuclei

Assumes BR 0ν/2ν = 1% and detector energy resolution is 2%

dramatic progress in our ability to compensate for high-
momentum physics that is cut out !see, e.g., Bogner et al.
"2003#$, but reliably correcting for low energy excitations
such as core polarization is a longstanding problem. Par-
tial summation of diagrams, a tool of traditional
effective-interaction theory, is helpful but apparently not
foolproof.

In the long term these issues will be solved. As al-
ready mentioned, the coupled-cluster approximation, an
expansion with controlled behavior, is being applied in
nuclei as heavy as 40Ca. With enough work on three- and
higher-body forces, on center-of-mass motion, and on
higher-order clusters, we should be able to handle 76Ge.
The time it will take is certainly not short, but may be
less than the time it will take for experimentalists to see
neutrinoless double beta decay, even if neutrinos are in-
deed Majorana particles and the inverted hierarchy is
realized. And the pace of theoretical work will increase
dramatically if the decay is seen. Observations in more
than one isotope will only make things better. Our opin-
ion is that the uncertainty in the nuclear matrix elements
in no way reduces the attractiveness of double beta de-
cay experiments. Given enough motivation, theorists are
capable of more than current work seems to imply.

VI. EXPERIMENTAL ASPECTS

A. Background and experimental design

Double beta decay experiments are searching for a
rare peak "see Fig. 5# upon a continuum of background.
Observing this small peak and demonstrating that it is
truly !!"0"# is a challenging experimental design task.
The characteristics that make an ideal !!"0"# experi-
ment have been discussed "Elliott and Vogel, 2002; Zde-
senko 2002; Elliott, 2003#. Although no detector design
has been able to incorporate all desired characteristics,
each includes many of them. "Section VII.C describes
the various experiments.# Here we list the desirable fea-
tures:

• The detector mass should initially be large enough to
cover the degenerate mass region "100–200 kg of iso-

tope# and be scalable to reach the inverted-hierarchy
scale region "%1 ton of isotope#.

• The !!"0"# source must be extremely low in radio-
active contamination.

• The proposal must be based on a demonstrated tech-
nology for the detection of !!.

• A small detector volume minimizes internal back-
grounds, which scale with the detector volume. It
also minimizes external backgrounds by minimizing
the shield volume for a given stopping power. A
small volume is easiest with an apparatus whose
source is also the detector. Alternatively, a very large
source may have some advantage due to self-
shielding of a fiducial volume.

• Though expensive, the enrichment process usually
provides a good level of purification and also results
in a "usually# much smaller detector.

• Good energy resolution is required to prevent the
tail of the !!"2"# spectrum from extending into the
!!"0"# region of interest. It also increases the signal-
to-noise ratio, reducing the background in the region
of interest. Two-neutrino double beta decay as back-
ground was analyzed by Elliott and Vogel "2002#.

• Ease of operation is required because these experi-
ments usually operate in remote locations and for
extended periods.

• A large Q!! usually leads to a fast !!"0"# rate and
also places the region of interest above many poten-
tial backgrounds.

• A relatively slow !!"2"# rate also helps control this
background.

• Identifying the daughter in coincidence with the !!
decay energy eliminates most potential backgrounds
except !!"2"#.

• Event reconstruction, providing kinematic data such
as opening angles and individual electron energies,
can reduce background. These data might also help
distinguish light- and heavy-particle exchange if a
statistical sample of !!"0"# events is obtained.

• Good spatial resolution and timing information can
help reject background processes.

• The nuclear theory is better understood in some iso-
topes than others. The interpretation of limits or sig-
nals might be easier for some isotopes.

Historically, most !! experiments have faced U and
Th decay-chain isotopes as their limiting background
component. A continuum spectrum arising from
Compton-scattered # rays, ! rays "sometimes in coinci-
dence with internal conversion electrons#, and $ par-
ticles from the naturally occurring decay chains can
overwhelm any hoped for peak from the !!"0"# signal.
This continuum is always present because U and Th are
present as contaminants in all materials. The level of
contamination, however, varies from material to mate-

FIG. 5. The distribution of the sum of electron energies for
!!"2"# "dotted curve# and !!"0"# "solid curve#. The curves
were drawn assuming that %0" is 1% of %2" and for a 1−&
energy resolution of 2%.

496 Avignone, Elliott, and Engel: Double beta decay, Majorana neutrinos, and …

Rev. Mod. Phys., Vol. 80, No. 2, April–June 2008
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Challenges and solutions

• Scalable to large mass while maintaining:

• Excellent energy resolution at Qββ

• Background control

• Geometrical signature of decay (positive signal identification)

• High pressure gaseous TPC

• HP Xe has been proven to have excellent intrinsic energy 
resolution (ionization statistics)

• NEXT readout scheme: electroluminescence achieved high 
energy resolution.  Leaves room for improvements in radio-
purity and charge track reconstruction

• HP SeF6 provides better geometrical signature, and provides 
an alternative 0νββ isotope 82Se for verification

20



Topmetal gainless charge readout for 0νββ

21

•Eliminate charge amplification

•Direct charge collection in X-Y

•Z is determined by the +/- charge 
arrival time difference

•R&D supported by LDRD
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Ionization imaging for 0νββ

• High pressure gaseous TPC

• Pixelated direct ion (charge) readout, simultaneously achieving sufficient energy resolution and 
spatial resolution for tracking

• Ion drifting minimizes diffusion, but eliminates the possibility of charge amplification

• D. Nygren proposed SeF6, low effective Z, positive and negative ions only as charge carrier

• Requires pixelated low noise (~10s e-) charge readout → CMOS pixel direct charge sensor 22

Simulated events in 136Xe 0νββ energy region, ionization track in10bar Xe gas
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Numbers

23

High pressure Xenon TPC as an example

• ~50 free ions/electrons per keV energy deposition

• 136Xe Qββ=2.458MeV → 100k charges

• 10bar Xe intrinsic energy resolution: 0.3% FWHM at Qββ 
→ 130 e- total fluctuation (σ, detection medium contribution)

• 1% FWHM energy resolution at Qββ → 420 e- fluctuation (σ)  
→ 400 e- electronic noise allowed (sum of all pixels)

• Track length 20~30cm → 300 pixels see charge if pitch 5~10mm  
→ <30 e- per pixel noise required

• 100% charge collection efficiency  
                    loss of efficiency is equivalent to increasing noise

• 10cm diameter array: ~100 chips

• 1m diameter array: ~10k chips

• Charge drifting speed (sets the sampling rate requirement)

• Electron: mm/µs

• Ion: mm/ms



Focusing Electrode

CMOS Sensor

PCB

Design optimization
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Charge measurement, noise, and signal recovery

•1mm dia. electrode
•8mm pitch
•127 chips on prototype
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Topmetal-S (2016)

Topmetal
& Guard ring

Filter
Decimation

Serializer

-A

3fF

Vgfb

K8 K10

K9

CSA

AOUT1_CSA

    Drive large 
capacitance load

PD1

AOUT2_CSA

Vref_AOUT3

PD2
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     Drive large 
capacitance load

Drive coaxial-cable
50Ohm
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R
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LVDSAOUT_BufferX2

PD4
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    DOUT
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3mm x 2mm

X6
Drive differential cable
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Integrator QuantizerAdder Adder Integrator

IntegratorAdder Quantizer

0.7~1.7V

•Single electrode: 1mm dia. Topmetal or smaller electrode 
with externally `grown’ structure
•Distance between chips: 5~10mm
•CSA: Cin~2pF, ENC<30e-, tunable biases through DACs
•Tunable feedback RC decay constant 
•Directly accessible analog output
•Analog output (X2) feeds into a Sigma-Delta ADC

•3rd-order Sigma-Delta Modulator
•25.6MHz clock
•X64 over sampling rate
•SINC4 decimation filter
•200kHz signal bandwidth
•Equivalent of a 400ksps 16bit ADC
•Raw modulator output
•LVDS I/O 25



Summary
• Mature CMOS processes have become affordable and manageable

• Designing Integrated Circuit (IC) is becoming similar to designing Printed 
Circuit Board (PCB)

• Pack charge collection, processing and transmission functions right at the 
site of charge measurement, inside of the TPC

• High density system integration

• What’s special about Topmetal

• There are other CMOS sensors that can do similar things: Medipix, 
Timepix, FE-I3/4 etc.

• We have a different aim: specifically optimize for low rate, low noise, 
and large scale charge readout, as well as other unexplored 
applications.

• Create an entire package including both sensors and readout systems 
for physics applications.

• Since 2012

• Two versions successfully produced and validated.

• Explored beam measurement applications

• Third version, Topmetal-S, produced.  Being validated.

• Develop integrated charge plane for 0νββ 
(current main effort)
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End


